The eco-friendly and low-cost Co-free Li 1.2 Mn 0.585 Ni 0.185 Fe 0.03 O 2 is investigated as a positive material for Li-ion batteries. The electrochemical performance of the 3 at% Fe-doped material exhibits an optimal performance with a capacity and voltage retention of 70 and 95%, respectively, after 200 cycles at 1C. The effect of iron doping on the electrochemical properties of lithium-rich layered materials is investigated by means of in situ X-ray diffraction spectroscopy and galvanostatic intermittent titration technique during the first charge-discharge cycle while high-resolution transmission electron microscopy is used to follow the structural and chemical change of the electrode material upon long-term cycling. By means of these characterizations it is concluded that iron doping is a suitable approach for replacing cobalt while mitigating the voltage and capacity degradation of lithium-rich layered materials. Finally, complete lithium-ion cells employing Li 1.2 Mn 0.585 Ni 0.185 Fe 0.03 O 2 and graphite show a specific energy of 361 Wh kg −1 at 0.1C rate and very stable performance upon cycling, retaining more than 80% of their initial capacity after 200 cycles at 1C rate. These results highlight the bright prospects of this material to meet the high energy density requirements for electric vehicles.
doping by alkali elements, such as Na and K, appears to be beneficial. Qing et al. [8a] introduced a novel gradient surface doping method, where Na + ions located in the lithium layer are sought to increase the kinetics of a lithium-rich cathode, achieving specific capacity of 286 mAh g −1 at 25 mA g −1 . The material displayed a good cycling stability and superior rate capacity ascribed to a pinning effect of the Na + ions to stabilize the structure and accelerate Li + diffusion, thus enhancing the material's electronic and ionic conductivities. Li et al. [13] successfully synthesized K + -doped lithium-rich cathode from a potassium-containing α-MnO 2 source. The resulting material showed excellent cycling stability with 85% retention of the first discharge capacity (315 m Ah g −1 ) after 110 cycles. Potassium ions have a larger ionic radius (K + : 1.38 Å, Na + : 1.02 Å, Li + 0.76 Å) and thus, could act as pillars, preventing the formation of tri-vacancies in the lithium layer and hinder manganese migration preventing the spinel-like phase formation. Therefore, small amounts of other alkali metals in the lithium layer can clearly contribute to mitigate voltage fading by restraining the structural transformation of the transition metal layer during cycling.
On the other hand, cobalt, one of the key constituents of conventional layered electrode materials faces a severe shortage due to the rapidly increasing demand for plug-in and full electric vehicles. According to estimates based on the current battery market development, the required amount of cobalt by 2050 would be twice as today's identified reserves. [14] Moreover, cobalt is rated highly critical regarding its health, ecological and economic impact. The heavy mining of cobalt causes harm to the people and the environment, causing inconvenience for battery manufacturers and users. [15] Therefore, the development of cobalt-free cathode materials has become an urgent matter. Toward this end, iron appears as a very appropriate candidate to replace cobalt, owing to its natural abundance low cost and environmentally friendliness. Furthermore, it is particularly suitable from the electrochemical point of view as its metal oxygen covalent bonding energy allows for the facile activation of the material, being in a similar range as other transition metal ions, that follow the order Co > Ni > Fe > Cr > Mn > Ti. [16] Recently, several groups have started to follow this approach doping lithium-rich materials with iron. Li et al. [17] investigated different contents of iron replacing cobalt in Li 1.2 Mn 0.56 Ni 0.16 Co 0.08 O 2 , improving the achieved capacity over the pristine material. Similarly, Nayak et al. [18] investigated the effect of iron doping to suppress the discharge voltage decay and improve the cycling stability of Li 1.2 Mn 0.56 Ni 0.16 Co 0.08 O 2 . Liu et al. [19] used iron to replace both manganese and nickel in cobalt-free Li 1.2 Mn 0.6 Ni 0.2 O 2 and showed that the Fe-doped material exhibits better cycling stability and rate capability. However, a deeper understanding of the iron doping into Li-rich layered electrode materials is still missing. Accordingly, herein we focus on investigating how the iron doping influences the material from a structural point of view and how this translates into the observed performance improvement for lithium-rich layered oxide electrodes. Figure 1a shows the powder X-ray diffraction (XRD) patterns of various Fe-doped lithium-rich materials. The obtained phase can be indexed as the hexagonal layered α-NaFeO 2 structure with space group R-3m. The weak reflections in the range of 20°-25° originate from the pronounced lattice ordering of Li and Mn in the transition metal (TM) layer of Li 2 MnO 3 (C2/m space group). Figure 1b ,c shows magnifications of the (003) and (104) reflections, respectively, highlighting the effect of iron doping on the materials structure. Upon Fe-doping both reflections shift to lower 2θ values, which is more pronounced for the 3 and 5 at% Fe-doped samples. This indicates a larger interplanar spacing for increasing iron contents, which is expected to improve the diffusion of Li + ions in the structure and, thus, to enhance the rate capability of the material. For a detailed comparison, the calculated lattice parameters are summarized in Table S1 (Supporting Information). Both the c/a and I 003 /I 104 ratios increase in the doped materials with respect to the pristine one, indicating that iron doping additionally reduces the cation mixing. This is expected to help suppressing the TM ions migration into the lithium layer, which is known to initiate the detrimental phase transformation. [20] The inductively coupled plasma (ICP) results summarized in Table S2 (Supporting Information) confirm that the composition of the synthesized lithium-rich materials is close to the targeted stoichiometries. Moreover, the elemental mapping obtained from energy-dispersive X-ray (EDX) spectroscopy ( Figure 1d ) reveals that the main elements (O, Mn, Ni, Fe) are uniformly distributed in Li 1.2 Mn 0.6−x/2 Ni 0.2−x/2 Fe x O 2 (x = 0, 0.01, 0.03, 0.05; hereinafter named LRNM). The oxidation state of iron was determined to be +3 (Fe 3+ ) by means of X-ray photoelectron spectroscopy (XPS) analysis ( Figure S1 , Supporting Information). The scanning electron microscopy (SEM) image of the 3 at% Fe-doped material shows that it is constituted of agglomerates of many, but rather small, primary particles. Figure 2 compares the electrochemical performance of Fedoped LRNMs with that of the pristine material. The initial discharge capacity of the 1 at% Fe-doped material increased slightly from 192 to 197 mAh g −1 . Interestingly, a significantly larger improvement can be observed for 3 and 5 at% Fe-doped samples, exhibiting first-cycle discharge capacities of 232 and 231 mAh g −1 , respectively. This increase is due to the Fe 3+ /Fe 4+ redox activity (around 4 V) during the initial cycles at 0.1C. [16] Tetravalent Fe, however, is rather unstable. Upon cycling, it transforms into the electrochemically inactive LiFeO 2 phase, [21] which might assist in preventing the Ni 2+ migration from the transition metal layer to the lithium layer. Therefore, the capacity fading of 3 and 5 at% Fe-doped LRNMs is more pronounced at the beginning, but stabilizes upon cycling. [16] The capacity retention of the four materials after 200 cycles is about 60.4, 60.6, 69.6, and 66.4% for x = 0, 0.01, 0.03, and 0.05, respectively, indicating the best cycling stability for the 3 at% Fe-doped material (Figure 2a ). The rate capability of the same materials was also evaluated, once more revealing the 3 at% Fe-doped LRNM (Figure 2b ) as the best performing, combining the largest interlayer spacing (see Table S1 , Supporting Information) with the intermediate content of Fe (which becomes inactive upon cycling). [16, 21] Considering the commercial application of the lithium-rich cathode materials, the impact of voltage fading on the energy density is a more serious concern than that of capacity fading. [22] Figure 3 shows a few, selected charge-discharge potential profiles of pristine and 1, 3, and 5 at% Fe-doped LRNMs recorded at 1C. Clearly, the voltage fading is less severe for the 3 and 5 at% Fe-doped samples. For a better comparison among the materials, the average discharge voltage obtained from the potential profiles is depicted in Figure 4 . Comparing the 3rd and 208th cycles, the mean discharge voltage drops from 3.54 to 3.24 V (ΔE = 0.30 V) in the pristine material and, similarly, from 3.54 to 3.27 V (ΔE = 0.27 V) in the 1 at% Fe-doped material. However, for the materials with 3 and 5 at% Fe-doping the voltage decay is only 0.17 and 0.21 V, respectively. Therefore, the voltage fading of LRNM can be clearly reduced by substituting cobalt with iron, in good agreement with a previous study. [18] Thus far, only the beneficial effect of iron doping to improve the capacity and mitigate the voltage fading of LRNMs during cycling Adv. Energy Mater. 2019, 9, 1902445 has been presented. However, the activation of the Li 2 MnO 3 component at high voltage (around 4.6 V) during the first charge is vital for the performance of LRNMs. [3b] Hence, the investigation focused on the impact of iron doping on the first charge-discharge cycle in more detail, to correlate the structural changes introduced by the dopant to the improved electrochemical behavior. The in situ XRD data in Figure 5 nicely allow to follow the structural transformation occurring in the 3 at% Fe-doped material, that is, the best performing one, upon its activation (up to 4.8 V) during the first charge. The whole cycle can be divided into three regions. Region I ranges from OCV to roughly 4.4 V, which is the endpoint of the first sloping part in the potential profile. During this step the (104) peak shifts to higher 2θ values, while the splitting of the (108)/(110) reflections increases simultaneously. This means that the distance between the transition metal layers is decreasing, mainly resulting from the oxidation of Ni 2+ (0.69 Å) to Ni 4+ (0.48 Å) upon Li + extraction. In the plateau of Region II, that is, until the end of charge, however, the (104) peak as well as the (108)/(110) reflections remain nearly unchanged, indicating that no more Li + is extracted from the transition metal layer. Therefore, the capacity originates from the activation of the Li 2 MnO 3 component. During the lithiation (discharge) process in Region III, these peaks shift back to their initial positions confirming the reversible reduction of Ni 4+ to Ni 2+ accompanied by reinsertion of Li + into the transition metal layers. [23] For a closer comparison of the activation behavior of the four LRNM materials doped with different amounts of iron, the first charge/discharge potential profiles are shown in Adv. Energy Mater. 2019, 9, 1902445 Figure 6 . The black lines divide the first charge into two parts: a sloping region up to 4.4 V and the plateau region until end of charge. By introducing iron into the structure the capacity of the sloping region associated to transition metal oxidation is clearly enhanced, particularly for the 3 and 5 at% Fe-doped materials. This can be attributed to the oxidation of Fe 3+ to Fe 4+ occurring at about 4.0 V as iron is occupying sites in the transition metal layer. [16] However, at the same time the capacity of the plateau region is lower than that of the pristine and 1 at% LRNMs, indicating a suppressed oxygen loss from the Li 2 MnO 3 component. [16] Moreover, the first cycle coulombic efficiency increases in the order 67.6, 69.3, 77.5, and 79.0%, with increasing iron content pointing toward the iron doping suppressing the cation mixing in the LRNM. In fact, although Li + can be extracted more easily from both the lithium and transition metal layer for high cation mixing levels, it is less favorably reinserted into the lithium layer, [24] thus lowering the coulombic efficiency. Therefore, the iron doping contributes to improve the coulombic efficiency and specific capacity of LRNMs by suppressing oxygen release and, thus, Ni 2+ migration into the Li layer during the first cycle activation. [3, 25] To further correlate the structural changes induced by Fedoping of LRNMs, that is, the suppression of cation mixing and the increased interlayer spacing, the lithium transfer kinetics were investigated in more detail. For this purpose the apparent Li + ion diffusion coefficient was obtained by performing cyclic voltammetry measurements at different scan rates (see Figure S2 , Supporting Information) and analyzing the peak current density, Ip, according to Randles-Sevcik equation [26] Ip n AD C 2.68 10 5 3/2
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where n is the number of electrons transferred during the redox reaction, A is the electrode area (1.13 cm 2 ), D is the Adv. Energy Mater. 2019, 9, 1902445 apparent Li + diffusion coefficient, C is the molar concentration of Li + in the LRNM, and ω is the scan rate (mV s −1 ). Although it is not appropriate for the absolute determination of the D, the geometric electrode area was used because the results are only used to compare rather similar materials in terms of morphology and surface area processed into electrodes following the same procedure. Directly from Figure S2 (Supporting Information), it is evident that the features around 4.0 V (charge) and 3.6 V (discharge) were more pronounced for the 3 and 5 at% Fedoped materials as compared to the pristine one. These two peaks show a linear relationship between peak current intensity and the square root of the scan rate; thus, they can be used to obtain the apparent Li + ion diffusion coefficient. The detailed values are summarized in Table S3 (Supporting Information), but from Figure 7 it is evident from that the D Li+ value of all Fe-doped samples are larger than that of the pristine material. This further confirms the enhanced lithiumion diffusion and transfer kinetics achieved through lattice doping with iron. Furthermore, the galvanostatic intermittent titration technique (GITT) was employed to follow the Li + diffusion kinetics during the activation of the various Fe-doped materials, that is, the very first charge process, which is significantly different from the subsequent cycles. [27] The results of the GITT experiment comparing the pristine and 3 at% Fe-doped LRNM materials are displayed in Figure 8 . In general, the small current pulse applied and the extended rest interval between two consecutive pulses should be sufficient to reach a steady state during relaxation of the voltage. Unfortunately, this is not true for LRNM materials during the first charge process, because of the sluggish kinetics, as also reported by Li et al. [28] Even applying rather low pulse current (C/20 rate) and allowing for a relaxation period of 4 h, altogether corresponding to a C/100 charge time, steady-state conditions were not achieved during the GITT measurements. Nevertheless, it is still possible to draw conclusions of a more qualitative nature by comparing the recorded curves. The voltage response of both materials is nearly identical below 4.0 V. However, in the region between 4.0 and 4.4 V the voltage of the pristine material increases faster than that of the 3 at% Fe-doped one. This indicates an increased internal resistance for the pristine sample and again confirms that Li + diffusion is more facile in the 3 at% Fe-doped LRNM. Above 4.4 V, both curves approach each other and nearly converge again. Nevertheless, when enlarging the response for an individual impulse (see inset in Figure 8 ), it is evident that polarization is significantly more severe for the pristine sample compared to the 3 at% Fe-doped material. Additionally, the relaxation observed during the rest step tends to be faster for the doped material, which can be attributed to higher Li + diffusion, also during the high-voltage activation step, by doping iron into the LRNM structure. [28] To eventually elucidate and visualize the impact of iron doping on the structure of LRNMs, a detailed investigation by means of high-resolution transmission electron microscopy (HRTEM) was conducted on the pristine and 3 at% Fe-doped materials (Figure 9) . Both samples display a well-ordered layered structure (compare atom arrangement and corresponding fast Fourier transform (FFT) patterns in Figure 9a,b) , but when measuring their lattice distances, it can be seen that the layer distance is larger in the Fe-doped material in excellent Adv. Energy Mater. 2019, 9, 1902445 Randles-Sevcik analysis of the peak current density against the square root of increasing scan rates during cyclic voltammetry (see Figure S2 , Supporting Information) of the four materials with different iron content. agreement with the XRD results. The ionic radius of Fe 3+ (0.645 Å) is rather similar to that of Ni 2+ (0.69 Å), but it is much larger than that of Mn 4+ (0.53 Å), therefore increasing the transition metal layer spacing when replacing nickel and manganese in equal shares. The HRTEM images of the pristine and 3 at% Fe-doped materials recovered from electrodes after 100 charge-discharge cycles were also investigated. Clearly, the crystal structure of the pristine sample (Figure 9c ) has partially undergone transformation from a layered to rocksalt structure (NiO phase). This is caused by Ni 2+ migration from the transition metal layer into the lithium layer during the repeated charge steps to high voltage (above 4.6 V), which is the origin of the voltage fading in LRNMs. [11a,29] However, in the microscopy images of the 3 at% Fe-doped material after cycling (Figure 9d ) hardly any regions with rock-salt structure can be identified, while the layered structure is well preserved. This proves that Fe doping mitigates Ni 2+ migration into the lithium layer, thus, explaining the decreased voltage fading and improved cycling stability observed for the Fe-doped materials.
Finally, we evaluated the electrochemical performance of the 3 at% Fe-doped material in lithium-ion full-cells, which is a crucial test for any electrode material to be potentially com-mercialized. [30] For this purpose, we chose graphite as the negative electrode. The resulting high energy density cell shows rather promising performance (Figure 10a) . The first discharge capacity of 213 mAh g −1 (of LRNM) is, in fact, only slightly lower than that achieved in half-cell tests (232 mAh g −1 ). Additionally, the cell displays very stable performance upon subsequent cycles. The capacity retention after 200 cycles at 1C (80.4%) is much higher than that obtained in half-cell configuration (69.4%) due to reduced electrode cross-talking. Even more promising, the coulombic efficiency well beyond 99.7% over 200 cycles is an outstanding result for a lithiumion full-cell with a Li-rich, Co-free layered oxide positive electrode material. [31] Moreover, the specific energy density, calculated from the potential profiles, achieves a maximum value of about 361 Wh kg −1 at 0.1C, which is even higher than previous results concerning Co-containing, Li-rich materials; additionally, the rather promising value of 200 Wh kg −1 was maintained during 200 cycles at 1C, which is considered the benchmark requirement to meet for application in electric vehicles (Figure 10b ). The comparison presented in Table S4 (Supporting Information) highlights the rather good, if not the best, performance of the cell herein developed with respect to the other Co-free cells reported to date. 
Conclusions
Herein, we demonstrated the potential of substituting cobalt through iron in LRNMs. We successfully synthesized a Cofree, LRNM by simple solid-state reaction and systematically studied the impact of Fe-doping on the structure of LRNM to explain its improved electrochemical performance. First, Fedoping (3 at%) can offset part of the capacity loss associated to the removal of cobalt from the structure increasing the discharge capacity from 192 mAh g −1 in Li 1.2 Mn 0.6 Ni 0.2 O 2 to 232 mAh g −1 for Li 1.2 Mn 0.585 Ni 0.185 Fe 0.03 O 2 . Second, it dramatically reduces the capacity and voltage fading of the pristine material improving (upon 200 cycles) both the capacity retention (from 60 to 70%) and the voltage retention (from 92 to 95%). Additionally, the Fe-doping results in an increased first cycle coulombic efficiency (from 67.6 to 77.5%). Combining several structural and electrochemical characterization methods we elucidated the origin of these improvements. Iron doping into the transition metal layer increases the lattice distance, enhancing the Li + ion diffusion in the host structure. Additionally, it suppresses nickel migration into the lithium layer, hindering the crystal structure transformation from layered to spinel-like and finally rock-salt structure. By this, it also mitigates the capacity and voltage fading of the LRNM. Finally, iron is nontoxic, cheap, and environmentally friendly, particularly compared to cobalt, and, therefore, the ideal choice for its substitution in next-generation lithium-ion cathode materials.
Experimental Section
Synthesis: Li 1.2 Ni 0.2−x/2 Mn 0.6−x/2 Fe x O 2 (x = 0, 0.01, 0.03, 0.05) materials were synthesized by solid-state reaction. Stoichiometric amounts of LiCH 3 COO (5 at% excess), Mn(CH 3 COO) 2 ·4H 2 O, Ni(CH 3 COO) 2 ·4H 2 O, and FeSO 4 ·7H 2 O were ball milled for 3 h and dried at 80 °C overnight. The obtained precursor was ground, then preheated at 480 °C for 5 h (3 °C min −1 ) and pressed into pellets. The pellets were calcined in a box furnace at 900 °C for 6 h, then immediately quenched into liquid nitrogen followed by grinding and sieving to obtain the final powder.
Materials Characterization: The composition of the as-prepared materials was confirmed by inductively coupled plasma optical emission spectrometry (ICP-OES) analysis, carried out on a Spectro Arcos spectrometer (Spectro Analytical Instruments). The materials crystalline structure was characterized by XRD using a Bruker D8 Advance diffractometer (Cu Kα radiation, λ = 0.154 nm) in the 2θ range between 10° ≤ 2θ ≤ 90°. The recorded reflections were assigned to the patterns recorded using the ICDD database implemented in the EVA software (Bruker). Scanning electron microscopy was performed utilizing a Zeiss Crossbeam 340 field-emission electron microscope equipped with an EDX spectrometer (Oxford Instruments X-Max Xtreme, 100 mm 2 , 1-5 kV) in order to investigate the materials morphology and composition. High-resolution transmission electron microscopy (HRTEM, Titan 80-330 kV with an image C s -corrector operated at 300 kV) was employed to follow the crystal structure transformation upon pristine material and 3 at% Fe-doped material.
Electrochemical Characterization: Positive electrode (cathode) tapes were prepared by spreading a slurry containing each one of the electrode materials, conductive carbon Super C65 (IMERYS) and polyvinylidene difluoride (PVdF, Solef 6020, Solvay) in the 85:10:5 dry ratio on aluminum foil. After predrying, disc electrodes (12 mm diameter) were punched, dried under dynamic vacuum at 120 °C for 12 h and then pressed at 8 ton cm −2 . The average active material areal loading was close to 2 mg cm −2 . The electrochemical performance was evaluated in three-electrode Swagelok-type cells assembled in an argonfilled glove box (MB200B ECO, MBraun; H 2 O and O 2 content lower than 0.1 ppm). Lithium metal foils served as counter and reference electrodes and glass fiber sheets (Whatman GF/D) as separator, which were soaked with the electrolyte solution (1 m LiPF 6 in ethyl carbonate (EC)/dimethyl carbonate (DMC), 1:1 w/w, Selectilyte LP 30, BASF). Galvanostatic discharge/charge cycling was performed at 20 ± 2 °C utilizing a battery tester (Maccor S4300). The first two galvanostatic cycles were performed within the 2.5-4.8 V voltage range at 0.1C, while for the following cycles the cut-off voltages were 2.5 and 4.6 V and the rate was 1C. GITT was as well performed on the same kind of cells, which were charged with a constant current at 0.05C for 30 min, and then allowed to rest for 4 h during which the relaxation of the voltage was recorded. Full lithium-ion cells were tested in 2032-type coin cells in a voltage range from 2.3 to 4.6 V (2.3 to 4.7 V for 1st cycle), employing graphite (SLP30) as negative electrode, the negative electrodes were made up of graphite (90%, SLP30), Super C45 carbon (5 wt%, IMERYS), and NaCMC (5%, Walocel CRT 2000). In all these cells, the negative/ positive (N/P) mass ratio about 1.05. The applied dis/charge rate of 1C corresponds, for the positive electrode material, to a specific current of 250 mA g −1 . All potential values given herein refer to the Li + /Li quasireference redox couple.
In Situ XRD Measurement: In situ XRD experiments were performed in coin cells (2032) with a Kapton window on the Bruker D8 Advance diffractometer (Cu Kα radiation (λ = 0.154 nm) in the 2θ range between 10° ≤ 2θ ≤ 90°. During slow charge (20 µA) up to 4.8 V and discharge (50 µA) to 3.0 V, XRD patterns were continuously recorded every 30 min. For these tests, the cathode electrode was prepared casting the electrode slurry (same composition as above) on carbon paper (30 µm). The electrode was dried at 60 °C overnight, then cut in 12 mm diameter disk electrodes and further dried under dynamic vacuum at 120 °C for 12 h.
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